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Coordination of targeted toxicological studies is needed

I
t is widely acknowledged that our
environment is becoming increasingly
contaminated with man-made chemi-

cals. Mammals, as well as lower organ-
isms, are vulnerable to exposure to these
agents through a variety of different
sources and routes and there are con-
cerns that they may be having a detri-
mental effect on ecological and
population health. It is just over
40 years since wildlife studies first
suggested that environmental chemicals
could be interacting with hormone
systems,1 a hypothesis which has since
been consolidated and debated both in
the popular press and in the scientific
literature. Concerns about environmen-
tally mediated endocrine toxicity have
also captured the attention of many
national and international health orga-
nisations,2 as well as lobbying groups
such as Greenpeace and the World
Wildlife Fund (UK). In recognition of
the possibility of an emerging public
health threat, the European
Commission3 has identified endocrine
disrupting chemicals (EDCs) (table 1) as
an important public health issue and is
currently supporting a number of
research initiatives.

Although there is a wealth of labora-
tory based studies that demonstrate and
delineate the range of toxic effects that
can be induced following exposure to
certain chemicals, extrapolating these
observations to the natural environment
and to human populations has been
difficult. To date the clearest evidence
that chemicals can act as endocrine
disrupting agents has been derived from
observations made in the wildlife set-
ting where reports of deleterious effects
on the reproductive system have pre-
dominated. However, insufficient epide-
miological and laboratory data currently
exist to provide an accurate assessment
of the risks to public health posed by
EDCs in the relatively low ambient
doses normally found in the environ-
ment. There is indirect evidence from
secular changes in childhood growth
and reproductive development which
suggests exposure to these agents may
be significantly influencing human
health trends.

ENDOCRINE DISRUPTING
CHEMICALS: AN OUTLINE
There are now more than 100 000 man-
made chemicals on the market. Only a
relatively small subset of chemicals has
been identified as having endocrine
disrupting potential. The focus is on a
relatively select group of man-made
compounds including the organochlor-
ine pesticides, the polychlorinated
biphenyls (PCBs), bisphenol A (BPA),
the alklyphenols, and the phthalates, as
well as a group of naturally occurring
plant compounds known as the phy-
toestrogens (table 2). The majority of
these compounds have been studied
with respect to their ability to mimic
the actions of oestrogen (behaving as so
called xenoestrogens). However, it is
recognised that many EDCs may inter-
fere with other endocrine axes, includ-
ing the testis, adrenal, and thyroid
hormone systems. Some chemicals have
effects on more than one endocrine
system, a phenomenon that may be
concentration or tissue dependent or
both. Many EDCs also bear little struc-
tural resemblance to the natural hor-
mone with which they interfere (fig 1)
but are capable of inducing agonistic or
antagonistic effects via a number of
different mechanisms (table 1).

A number of chemicals with known or
suspected endocrine disrupting activity

are no longer approved or are restricted in
their use. Nevertheless, some are known
to be persistent in the environment and
thus remain as general background pol-
lutants. The organochlorine pesticides in
particular are accumulating within the
food chain and can be found widely
distributed within fat-containing foods
of mammalian or marine origin. Direct
dietary exposure is thought to be the
most important route of contact with
EDCs in humans, although significant
exposure may also be achieved via
routes other than food. These include
air, drinking water, and particularly
skin where contact with domestic
chemicals present in household pro-
ducts, cosmetics, and clothing are
thought to be relevant (table 2).
Newborn infants and young children
may also be potentially vulnerable to
EDC exposure indirectly via the
mother, with both transplacental and
lactational routes of contamination
recognised for certain chemicals.

HUMAN HEALTH TRENDS:
ENVIRONMENTAL LINKS
The current concerns about the effects
of EDCs on humans are largely based on
a series of observations which, when
considered together, implicate these
chemicals in a process that leads to
deleterious effects in reproductive tract
development and function. A number of
adverse trends in male reproductive
health have been observed in many
developed countries including an
increasing incidence of testicular can-
cer,4 a low and probably declining
semen quality,5 and a high and possibly
increasing frequency of undescended
testes and hypospadias6 (fig 2). The
relevance of environmental factors in
the development of these problems is
emphasised by the striking geographical
variations reported between different
countries, as well as the temporal

Table 1 Endocrine disrupting chemicals (EDCs)

1. Definition: ‘‘any exogenous substance or material that alters the function(s) of the endocrine system
and consequently causes adverse health effects in a intact organism, its progeny or its (sub)population’’2

2. EDCs include certain synthetic man-made chemicals, but also many naturally occurring plant
compounds (table 2)

3. EDCs may act as hormone system agonists or antagonists (or both)

4. EDCs interfere with hormone action by a variety of mechanisms:
a. Hormone receptor binding
b. Hormone production and synthesis
c. Hormone transport
d. Hormone metabolism and excretion

5. EDCs come from a large variety of sources and include:
a. Pesticides, herbicides, and pharmaceutical agents
b. Cosmetics, sunscreens, and plastic formulations

6. Many chemicals have yet to be tested for any EDC activity
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changes in incidence rate that have
occurred over the last 50 years. For
example, epidemiological studies sug-
gest that the rate of incidence of
testicular cancer, cryptorchidism, hypos-
padias, and other male genital anoma-
lies may be significantly lower in
Finland compared to its relatively near
Baltic neighbour Denmark. In a recently
completed multinational project funded
by the EU Framework V research
program, the prevalence of cryptorchid-
ism at birth in Denmark was observed to
be at least fourfold higher than that
observed in Finland.7 Similarly, the
prevalence of hypospadias at birth was
also much higher in Denmark (1.03%)
compared with Finland (0.27%).8

Temporal changes in the incidence of
male reproductive disorders were also
observed in this study with a marked
increase in the prevalence rate of cryp-
torchidism occurring over a 40 year
period (1.8% in 1959–61 v 8.5% in
1997–01). This could not be accounted
for by random fluctuations in preva-
lence rate, nor by differences in study
design or by method of cryptorchidism
ascertainment.7 In support of these
observations, an increasing prevalence
rate of cryptorchidism has also been
seen in the UK, where over a 30 year
period between the late 1950s and late
1980s the prevalence of cryptorchidism
seems to have increased by 35%,9

although contemporary data suggest
the rate may have stabilised in recent
years.10

Secular changes in human growth
and physical development resulting in
increased mean population height and
earlier age of onset of puberty have
more consistently been linked to
changes occurring in the environment,
and have been related to improvements
occurring in socioeconomic conditions
including heath services, hygiene, and
nutrition. Nevertheless, there is some
evidence to suggest that exposure to
EDCs may also have an important role
in explaining some of these trends.
Early pubertal development has been a
common observation in children moving
from a developing to a developed
country, and has been attributed to the
transition from an underprivileged to a
privileged environment. Rapid increases
in body fat mass leading to increases in
circulating concentrations of sex ster-
oids, insulin-like growth factor I (IGF-
I), and leptin have been proposed as the
possible mechanism.11 Toxicological stu-
dies carried out on children migrating
from developing to developed countries
have led to speculation that exposure to
endocrine active chemicals may have a
role in the development of early puberty
in some children.12

ENDOCRINE DISRUPTING
CHEMICALS: PUTATIVE TISSUE
EFFECTS
It has been argued that the seemingly
rapid pace of increase in the incidence of
male reproductive disorders over the last
few decades favours environmental or

lifestyle factors rather than the accu-
mulation of susceptibility genes within
the population as the most likely expla-
nation for this phenomenon.13 In sup-
port of this hypothesis, it has been
proposed that these disorders are part
of a single common underlying entity
known as the testicular dysgenesis
syndrome (TDS).13 The aetiological basis
for this condition is complex and is
thought to be due to a combination of
both genetic and environmental factors
that result in the disruption of normal
gonadal development during fetal life.
The so called oestrogen hypothesis was
the first to propose that environmental
chemicals with oestrogen-like actions
could have adverse effects on male
gonadal development and subsequent
reproductive health.14 This has since
been expanded to include environmen-
tal chemicals with anti-androgen
actions and it is now thought that an
imbalance between androgen and oes-
trogen activity is the key mechanism by
which exposure to EDCs results in the
development of TDS and male repro-
ductive tract abnormalities.15

Some chemicals with known EDC
activity interact at a molecular level
with oestrogen and androgen receptors
thereby potentially interfering with sex
hormone dependent regulation of spe-
cific developmental programming genes.
Examples include the Hox genes, which
play a pivotal role in the normal
differentiation of the reproductive tract
and are directly modulated by potent
synthetic non-steroidal oestrogen agents
such as diethylstilbestrol (DES).16 The
androgen-oestrogen imbalance hypoth-
esis explored using subsequent animal
studies is beginning to indicate the
significance of anti-androgenic activity
in endocrine disruption. Such activity
reflects two broad mechanisms, those
that act at the level of the androgen
receptor as antagonists of the natural
ligand, and those that are active in
suppression of androgen biosynthesis.
Chemicals with defined antagonist
activity such as the pesticides vinclozo-
lin, linuron, and DDE competitively
inhibit binding to the androgen recep-
tor,17 whereas some phthalate esters (for
example, diethylhexyl phthalate
(DEHP)) act as anti-androgens without
binding to this receptor.18 The resulting
alteration in androgen dependent gene
expression in experimental animals
results in delayed puberty, hypospadias,
and cryptorchidism in addition to other
indicators of incomplete masculinisa-
tion.19 The anti-androgenic activity of
agents such as dibutylphthalate (DBP),
octylphenol, and DEHP can be demon-
strated in the male reproductive tract of
in utero exposed rats and resemble the
changes defined by the TDS in humans.20

Table 2 Endocrine disrupting chemicals: example of the known principal
categories, their sources, and main contamination routes in humans

Category Example Source Contamination route

Pesticides 2,4 Dichlorophen- Herbicide Foods: fruit/veg
oxyacetic acid
Hexachlorobenzene Fungicides Foods: fruit/veg,
Tributyltin cereals
Benomyl/carbendazium Water
Vinclozolin
Malathion Insecticides Foods: fruit/veg
Carbaryl
DDT (and
metabolites
DDE, DDD)
Aldrin

Industrial Bisphenol A Plastics Plastic items
chemicals Polystyrene Drinks

Foods: packaging
PCBs Electrical: Foods: fish/meat,

waste byproducts dairy items
Alkylphenols Detergents Household items

Emulsifiers Water
Fertilisers Foods: fish

Phthalates esters Plastics Plastic items
Drinks
Foods: packaging

Natural Phytoestrogens, Soya Food/diet
plant eg genistein, Legumes/
compounds coumestrol beans
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Time of exposure to EDCs and gender
specific changes have a significant bear-
ing on prenatal and postnatal develop-
ment. Thus phthalates administered
prenatally impede testicular descent in
rats,21 while exposure of young female
rats to o,p9-DDT results in an earlier age

of onset of puberty.22 Similar prenatal
exposures to PCBs cause an acceleration
in postnatal growth rate and changes in
the timing of onset of puberty when
compared to non-exposed control ani-
mals.23 Rats fed phytoestrogen rich
food (for example, flax seed) during

pregnancy also have accelerated post-
natal growth and an earlier puberty.24

How exposure to endocrine active che-
micals results in changes in childhood
growth and the timing of puberty is
unclear, but there is likely to be a
relationship to a specific oestrogenic
effect of certain EDC compounds.
Chronic exposure to oestrogenic chemi-
cals, such as the DDT related com-
pounds, is thought to lead to direct
stimulation of oestrogenic sensitive tis-
sues peripherally and to the induction of
pubertal changes in a gonadotrophin
independent manner. Alternatively,
exposure to these compounds may act
centrally, resulting in earlier maturation
of the neuroendocrine mechanisms
responsible for the induction of the
hypothalamic-pituitary-gonadal axis
(that is, gonadotrophin dependent pub-
erty). Studies in animals show evidence
both in vitro and in vivo that exposure to
EDCs with oestrogenic activity can have
profound effects on hypothalamic gona-
dotrophin releasing hormone (GnRH)
gene expression and on the survival and
growth of GnRH secreting neurons.25

ENDOCRINE DISRUPTING
CHEMICALS: WILDLIFE AND
HUMAN STUDIES
Observations made in the wildlife setting
support many of the above laboratory
studies. For example, the chemical mix-
tures contained within paper mill efflu-
ents can be capable of masculinising
female mosquitofish by binding to the
androgen receptor and inducing andro-
gen dependent gene expression.26 Under-
masculinisation of male alligators has
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Figure 1 Example of the chemical structure of suspected endocrine disrupting agents with known oestrogenic effects (xenoestrogens) (compared with
the natural hormone ligand 17b-oestradiol).
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Figure 2 Secular, temporal, and geographical trends in (a) the prevalence of hypospadias at birth
and (b) the age-standardised incidence rate of testicular cancer in various European countries.
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also been linked to contamination of their
natural Florida habitat with DDT,27 whilst
the discovery of large numbers of intersex
fish in English rivers has been attributed
to contamination of the aquatic environ-
ment with oestrogenic compounds.28 One
of the most notable wildlife examples of
endocrine disruption has been observed
in marine gastropods (whelks) exposed
to tributyltin (TBT), a constituent of
marine anti-fouling paints, that results
in the development of male sexual organs
in genetically female whelks (that is,
pseudohermaphroditism or imposex).29

The mechanism is presumably related to
inhibition of the steroidogenic enzyme,
aromatase, responsible for the conversion
of androgens to oestrogen. In the EU, and
increasingly in other areas of the world,
the application of TBT-containing anti-
fouling paints and other organotin agents
has been prohibited since 2003, with a
complete ban expected by 2008.

Evidence directly implicating EDCs in
the aetiology of male reproductive tract
problems and in secular trends in
growth and development in humans is
limited and circumstantial. DES, once
commonly prescribed to pregnant
women to prevent recurrent miscar-
riages, produces a number of toxic
effects on the reproductive systems of
both the mother and her offspring.30

Several studies have reported an
increased incidence of urogenital tract
anomalies in male offspring (hypospa-
dias, cryptorchidism, micropenis) fol-
lowing prenatal exposure to DES,
together with impaired semen quality
in later life.31 In addition, epidemiologi-
cal studies have reported an increased
risk of genital malformations and cryp-
torchidism in children of agricultural
workers exposed to high levels of
pesticides.32 Children exposed in utero
or postnatally to high concentrations of
PCBs or DDE have been observed to be
smaller at birth, to have reduced post-
natal growth, and to achieve a lower
final height and lean body mass when
compared to controls.33 Several studies
have also reported early puberty in
children following exposure to xenoes-
trogen compounds, including an earlier
age of onset of pubic hair development
and age of menarche in breast fed girls
exposed to high concentrations of poly-
brominated biphenyls in utero.34

Outbreaks of isolated premature breast
development (premature thelarche) in
girls and of bilateral gynaecomastia in
boys have also been reported in well-
defined geographical areas where there
has been evidence of contamination of
the local food supplies with phytoestro-
gens.35 Concentrations of the orga-
nochloride pesticide p,p9-DDE (a
persistent derivative of DDT with known
potent oestrogen agonist and androgen

antagonist actions) are significantly
higher in the blood of children migrat-
ing from developing countries who
subsequently develop central precocious
puberty in their adoptive country when
compared to native (Belgium)
patients.12 These observations have led
to the hypothesis that the oestrogenic
effects of p,p9-DDE result in both
maturation of the central mechanisms
regulating GnRH secretion and suppres-
sion of hypothalamic-pituitary-gonadal
axis activity through negative feedback
inhibition; subsequent withdrawal from
exposure to these EDCs (on migration)
removes this inhibitory effect allowing
puberty to progress. In contrast to these
observations, however, chronic exposure
to PCB compounds has been also been
linked to the later onset of puberty in
both boys and girls, with a doubling of
serum PCB concentrations associated
with a three to four times risk of delayed
puberty.36

The first study purportedly linking
prenatal EDC exposure directly with
developmental genital changes in
human offspring has recently been
reported.37 The anogenital distance
(AGD; a sensitive index of prenatal
anti-androgen exposure used by animal
researchers) in male infants was sig-
nificantly shorter in boys whose
mothers had evidence of elevated
phthalate levels during pregnancy. In
addition, reduced AGD and higher
maternal phthalate exposure was asso-
ciated with impaired testicular descent.
In support of these observations, sig-
nificant dose dependent associations
between neonatal exposure to phthalate
monoesters in breast milk and repro-
ductive hormone levels in boys at
3 months of age (62 cryptorchid v 68
healthy boys) have also been recently
reported.38 High phthalate concentra-
tions in mothers’ breast milk were
linked to lower serum testosterone
levels and to higher LH:testosterone
ratio in infants, although no correlation
between phthalate exposure and cryp-
torchidism was observed. These preli-
minary findings are the first human
data that are consistent with phthalate
induced adverse effects on Leydig cell
function and with the phthalate related
syndrome of incomplete virilisation
observed in prenatally exposed rodents.

ENDOCRINE DISRUPTING
CHEMICALS: THE FUTURE
STRATEGY
So far the evidence from toxicological
studies carried out in animals and from
observations made in selected wildlife
and human populations have raised more
questions than have been answered con-
cerning the health effects and signifi-
cance of EDCs in our environment.

Epidemiological data suggest that certain
populations have experienced a rise in
reproductive health disorders and have
observed secular changes in the growth
and pubertal development of children,
yet establishing a clear link with EDCs
has not yet been possible. Other possible
explanations for the observed health
trends are at least as plausible, including
improvements in medical surveillance
techniques and changes in medical prac-
tice that have resulted in better case
ascertainment and improved data
records. Furthermore, most of the evi-
dence of EDC effects based on laboratory
experiments and epidemiological studies
relates to levels far in excess of those
encountered in the general environment.

These issues highlight two important
questions that are central to assessing
and monitoring the health risks posed
by EDCs. Firstly, to what degree and
extent are human and wildlife popula-
tions exposed to EDCs, and secondly
what are the characteristics of low dose
effects from the concentrations likely in
the environment? Addressing these
questions is likely to prove too difficult
due to some inadequacies in current
research methodology and strategy. It is
recognised that most European popula-
tions are exposed to low levels of a
number of chemical compounds with
known and potential endocrine disrupt-
ing activity, but the full array of EDCs
present in the environment remains
largely unknown. Much of the focus to
date has been on monitoring a relatively
small number of persistent organochlor-
ine compounds, while less attention is
paid to the much larger number of non-
persistent pollutants with which
humans are likely to come into contact.
Most risk assessments for chemicals are
not designed to evaluate endocrine
disrupting activity at low concentrations
and are based on the assumption of a
threshold dose below which there are no
observed effects (the so called NOAEL –
no observed adverse effect level). This
NOAEL principle may not be tenable
when dealing with EDCs given that
many of these hormonally active che-
mical compounds may still be biologi-
cally active at concentrations previously
not considered toxic. In addition, safety
testing programmes will need to take
into consideration that some EDCs may
not have a simple, classical, linear dose-
response relationship and that for some
compounds an inverted U-shaped dose-
response curve exists.39 Also many EDCs
may be acting in concert with naturally
occurring hormones to produce their
adverse effects.

EDC assessment is further compli-
cated when the effects of simultaneous,
multiple exposure to chemicals is con-
sidered, as mixture effects can occur
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even when each component is present at
a dose that individually does not pro-
duce any effect. Mixture effects are
usually thought of in relation to the
effects that are expected to occur based
on the known potency of individual
components. If the observed effects are
larger than expected the mixture effect
is considered synergistic, if smaller than
expected it is antagonistic, and if expec-
tations are met the individual compo-
nents of the mixture are thought to be
acting in an additive way. There is no
consensus on how mixture additivity
effects should be assessed and quanti-
fied, although it is generally agreed that
single chemicals present in low, ineffec-
tive concentrations cannot be taken to
signal absence of risk. Depending on
how many similarly acting chemicals
are also present, the assumption of no
hazard can be entirely wrong. Finally,
many testing guidelines are based on
the reproductive consequences of EDC
exposure and do not take into account
the effects of EDCs on other hormone
systems and tissues, nor do they allow
for differential threshold effects at
various developmental stages.

The current body of evidence has
resulted in some progress towards a
ban in the use of certain chemical
agents. For example, several of the
phthalates (DEHP, DBP, BBP (butylben-
zyl phthalate)) are now prohibited in
Europe, whilst others are strictly regu-
lated (for example, DINP (diisononyl
phthalate), DIDP (diisodecyl phthalate),
and DNOP (dioctyl phthalate)) and are
banned only from use in toys and
childcare articles that can be put in
children’s mouths. There remain wide
gaps in knowledge about the health
effects of EDCs on wildlife and human
populations and the shortcomings of
current monitoring and chemical safety
testing procedures strongly argue in
favour of the need for further research.
This situation has been highlighted at a
recent meeting of international experts
and scientists and a consensus state-
ment was been published in 2005 out-
lining future research priorities
(table 3).40 In Europe, a co-ordinated
programme of research has been estab-
lished that should be able to address
some of the major research questions
that many believe need to be urgently
answered if the protection of human
and wildlife health in Europe is to be
ensured. The creation of CREDO
(Cluster of Research into Endocrine
Disruption in EurOpe) is one such
initiative. Supported by the European
Commission, CREDO has the specific
task of exploiting European research
potential and of facilitating effective
research collaborations across the
many different research institutions

and disciplines that have an interest in
EDCs. Currently CREDO is co-ordinat-
ing four core projects across Europe with
a total budget of 20 million Euros at its
disposal, with further funded projects
likely to come on board at some point in
the near future (table 4).

The magnitude of any adverse effects
from exposure to EDCs in the environ-
ment remains unknown. Only the

coordination of targeted toxicological
studies in animals, including the appli-
cation of the newer technologies of
proteomics and metabonomics, with
unbiased eco-epidemiological studies
will lead to better understanding of
causation. It is a general principle that
the developing fetus and young child
are more susceptible to the adverse
effects of toxic chemicals whatever their

Table 3 The Prague Declaration on Endocrine Disruption (www.edenresearch.
info/declaration.html)

Summary of research priorities

1. To ascertain the full array of EDCs
N Development of new chemical analytical methods
N Development and validation of bioassay techniques
N Establishment of human and wildlife reference tissue ‘‘Bio-banks’’

2. To elucidate possible modes of action of EDCs
N Effects of EDCs on novel target tissues
N Effects on wider array of cellular signaling pathways

- in particular those closely linked to major disease conditions
including metabolic syndrome, obesity, and heart disease

3. To develop new assays and screening methods for EDCs
N Utilising modern technologies:

- genomics, proteomics, bioinformatics, and metabonomics

4. To determine mechanisms by which EDCs are involved in human disease
N Taking into account the complexity of the effect and exposure
scenario:

- multiple tissue targets
- exposure to multiple contaminants
- low exposure levels
- long exposure time

5. To determine the significance and impact of EDC mixture effects
N Relationships between exposure time and dose
N Effects of sequential exposure to several chemicals

6. To determine the consequences of endocrine disruption on wildlife and ecosystems
N Emphasis on better linkage of laboratory and field investigations,
considering a broad coverage of vertebrate and invertebrate groups

7. To link effects seen at organism level to population-level and ecosystems effects
N Application of rigorous human epidemiology methodology to the
wildlife arena

8. To develop special programs of EDC health impact surveillance
N Detection of possible effects of EDCs on the newborn child giving
rise to problems in childhood and adulthood

Table 4 The European CREDO initiative: summary of the current core research
programmes (www.credocluster.info)

Core projects 2005

1. EDEN
Endocrine disruption research. Exploring novel endpoints, exposure, low-dose and mixture-effects
in humans, aquatic wildlife, and laboratory animals (www.edenresearch.info)

2. EURISKED
Multi-organic risk assessment of selected endocrine disrupters (www.eurisked.org)

3. COMPRENDO
Comparative research on endocrine disrupters, phylogenetic approach, and common principles
focusing on androgenic/anti-androgenic compounds (www.comprendo-project.org)

4. FIRE
Risk assessment of brominated flame retardants as suspected endocrine disrupters for human and
wildlife health (www.rivm.nl/fire)
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nature. Consequently, practical mea-
sures (for example, washing fresh fruit
and vegetables before consumption) to
reduce levels of exposure to chemicals to
as low as is reasonably practical (the
ALARP principle) are important actions
to take to safeguard the population from
the soup of man-made chemicals.

Arch Dis Child 2006;91:633–638.
doi: 10.1136/adc.2005.088500
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